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The activation energy of crystallization E. of GeSe3 Tl 3 and GeSe, Tl 3 chalcogenide glasses was calculated
from the shift of the DTA exothermic peaks with changing the heating rate. Values of E. were calculated
by different methods and it was found that it decreases with increasing Se content.

Amorphous thin films of the present glasses were prepared using thermal evaporation technique. Elec-
trical conductivity and I-V characteristics have been studied at temperatures below the glass transition
temperature Ty and over a wide range of thickness (57.4-680nm). The dc conductivity was linear in
the Arrhenius Plot in the considered temperature range and increases with the increase of Se content.
The activation energy for the dc conduction AE, is decreased with increasing Se content and film thick-
ness. The observed compositional dependence of AE, has been correlated with the increase of weak
Se-Se bond density at the expense of strong Ge-Se bond density. [-V characteristic curves indicates the
memory type switching phenomenon for these compositions and it is explained in accordance with the
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electrothermal model initiated from Joule heating of a current channel.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Chalcogenide glasses have been attracting much attention in the
field of electronics as well as in infrared optics, since they exhibit
several peculiar phenomena useful for devices such as electrical
switches, memories, image storage, and photo resistors. Addition
of thallium to chalcogenide glasses is generally accompanied by
marked changes in their structural and physical properties [1-4].
The system GeSeTl is considered to be one of the new generation
of chalcogenide glasses. Therefore, a lot of work has been done on
impurities effect on conductivity and optical properties [5-8]. The
glass formation region in the GeSeTl system has been reported for
the materials prepared by air-quenching [9,10] and those prepared
by ice-water quenching [11] techniques.

Dc, ac electrical conductivity, switching phenomenon and opti-
cal properties of GeSeTl system in thin films form were studied by
many others [1,3,8,12,13].

Itis intended in this work to study the structure transformation,
the effect of thickness and Se content on the dc electrical properties
and on the switching phenomenon in GeSeTl amorphous thin films.

2. Experimental details

The bulk glasses of GeSeTl system were prepared by direct mono temperature
synthesis. The appropriate quantities of highly pure Ge, Se and Tl (5N) requiring 10 g
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of each composition were charged together into a dry, clean silica tube. The charged
tube was sealed under a vacuum of 10~ Torr.

Synthesization was carried out in an oscillatory furnace in the following
sequence: The temperature was first raised to 523 K and kept constant for about
1 h. The temperature was then raised up to 673 K and kept at this temperature for
about 2 h. Finally the temperature was raised to 1223 K and kept at this temperature
for 6 h. During heating the charged tube was shaken to ensure the homogeneity of
the composition. Then, the tube was suddenly quenched in ice cold water.

Thin films of the GeSeTl glassy system were prepared by thermal evaporation
technique using a coating unit (Edward E-306 A) on dry, clean, highly polished glass
and pyrographite substrates for electrical and switching measurements respec-
tively. These films were deposited under vacuum of 10-> Torr at room temperature
and the deposition parameters were kept almost the same for all the samples. The
thickness of these films was controlled during deposition by using a quartz crys-
tal thickness monitor and then measured by Tolansky’s method of multiple beam
Fizeau fringes [14].

The amorphous nature of the resulting GeSeTl thin films were verified by the
absence of any diffraction lines in their X-ray patterns.

The chemical composition of the obtained films was checked by energy disper-
sive X-ray analysis EDX using scanning electron microscope (JEOL-JSM 5400) with
EDX unit (Oxford). Finally quantative analysis results were obtained from the spec-
tra by processing the data through the ZAF correction program. It was found that
the two compositions under investigation were GeSesTly3 and GeSe,Tlg .

A micro DTA apparatus of a Shimadzu DT-30 model was used for the thermal
analysis. The general features of the thermograms are: The glass transition tem-
perature Tg that detect the temperature range of investigation, the crystallization
temperature T, and the melting point Tp,.

For electrical conductivity measurements, thin films of the present compositions
were sandwiched between two Al electrodes. The electrical resistance (R) of samples
was measured using a digital electrometer (Keithley, Model 616A) and then the
conductivity was deduced. The temperature was measured by digital thermometer.

To study the I-V characteristics, thin film samples were evaporated onto highly
clean and polished pyrographite substrates, and then sandwiched between two
electrodes. The upper electrode was movable with its lower part made of plat-
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Table 1
Values of Tg, Tc, Ty and Tg /Ty, for the two compositions under investigation.
Compositions Rate «, °C/min Ty, K T, K Tm, K Ty /T
To begin T, peak
GeSesTly s 5 457 536 552 615 0.743
10 - 539 553 616 -
20 463 541 580 643 0.720
30 459 553 591 641 0.716
GeSe4Tlo3 5 435 550 563 612 0.711
10 433 555 578 616 0.703
20 440 568 588 613 0.718
30 - 573 593 618 -

inum needle of 0.2 mm diameter, and the lower electrode was a circular brass disk.
The measuring cell [15] was introduced in a simple electrical circuit provided with
the above mentioned electrometer to measure the potential drop across the stud-
ied sample and a microdigital multimeter (TE 924) to measure the current passing
through the sample.

3. Results and discussion
3.1. Structural identification

X-ray diffraction carried out for the investigated GeSeTl systems
in thin film form are shown in Fig. 1. It is characterized by the
absence of any diffraction line, indicating the amorphous nature
of the prepared thin films.

DTA thermograms of GeSe3Tlyp3 and GeSe4Tlp3 amorphous
compositions were recorded at the heating rates 5, 10, 20 and
30°C/min and shown in Fig. 2a and b respectively. Each of these
thermograms is characterized by endothermic peak corresponding
to the glass transition temperature Tg, one exothermic peak denot-
ing the crystallization temperature T, and one endothermic peak
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Fig. 1. X-ray diffraction patterns for GeSesTly 3, and GeSe4Tlp3 thin films.

denoting the melting temperature Tp,. Values of transition temper-
atures Tg, T¢ (Tp begin, T, peak) and Ty, are listed in Table 1. Also,
the values of Tg/Ty, are listed in Table 1.

It is observed that values of Tg and Ty, are nearly independent of
the heating rate o, while T, changes markedly with «.
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Fig. 2. Differential thermal analysis DTA at different heating rate of (a) GeSe3Tlp3 and (b) GeSesTlp 3 compositions.
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Values of T fluctuates around a mean value as « change because
the relaxation time of the glass transition process is small com-
pared with the time allowed by various heating rate. Consequently,
one should not expect that the heating rate have a strong effect
on the peak of Tg. The decrease of T, with composition as shown
in Table 1 can be understood using the chemically ordered net-
work (CON) model by considering the chemical bond energies.
This model is commonly used for explaining the features observed
in the compositional dependence of various properties in chalco-
genide glasses. The bond energies for Se-Se =44, Ge-Ge =37.6 and
Ge-Se=49.4 kcal/mole were calculated using Pauling’s equation
[16]. Accordingly with the increase of Se content, the Ge-Se bonds
will be replaced by Se-Se bonds which have lower bond energy of
5.4kcal (mole)~! thus, the glass transition temperature decreases.

The activation energy of crystallization E. for GeSeTl systems
under investigation have calculated from the shifts of the DTA
exotherms, T, which defined as the temperature of maximum crys-
tallization rate with the heating rate « that observed in Fig. 2a and
b by applying three methods.

1. According to Kissinger [17]

o Ec.
In (TZ) = const. — E (1)

p

Kis the Boltzmann’s constant. Fig. 3a shows the plot of In («r/T7)
versus (1/Tp) for the exotherms of Fig. 2a and b for GeSe3Tlg 3
and GeSe4Tlp 3 compositions. E. was calculated from the slope
of straight lines and the obtained value is shown in Table 2.
2. Ozawa’s method
According to Ozawa’s equation [18,19]

Ec
Ino = const. — 1.052ﬁ (2)

A plot of Ina as a function of 1/T, for the investigated com-
positions is illustrated in Fig. 3b. It is observed that it yields a
straight line from the slop of which, E. was calculated for each
composition and given in Table 2.
3. Method of Augis and Bennett
Augis and Bennett [20] developed an accurate method in
which

o - Ec
In |:Tp_TO:| :lnl(ofﬁ 3)

Ko is the frequency factor for crystallization. The activation
energy for crystallization E. is deduced using Eq. (3) from the
plot of In[a/(Tp — Tp)] versus 1/T, as shown in Fig. 3c. Values of
Ec and Ky for amorphous GeSe3Tly3 and GeSe4Tlg3 have been
calculated and are given in Table 2.

From Table 2, it is observed that values of E. obtained by the
above mentioned three methods are approximately of the same
order for each composition. Also, it is obvious that E. decreases
with increasing the Se content which causes the reduction of the
amorphous phasei.e. decreases the degree of chemical disorder and
leads to the increase of crystallization process.

This suggestion was confirmed by ratio Tg/Ty; that decreases
with the increase of Se content, since, according to Turnbull [21],
the effect of increasing the ratio Tg/T, is to decrease the rate of
nucleation and leads to the decrease of crystallization rate. This
effect has been also observed for previous work of GeSeTl glasses
[22-25].
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Fig. 3. (a) A plot ofln(a/Tlf) versus 1000/T, for GeSe3Tlg 3 and GeSe4Tlg 3 composi-
tions. (b) A plot of In @ versus 1000/T, for GeSe3Tlp3 and GeSe4Tlg 3 compositions. (c)
A plot of In[e/(T, — To)] versus 1000/T, for GeSe3Tlp3 and GeSe4Tlp3 compositions.

3.2. Dc electrical properties

To study the effect of composition on the dc electrical proper-
ties, thin films of GeSe3Tlp3 and GeSe4Tlg 3 with nearly the same
thickness (333, 330 nm) were used. The variation of dc conductivity
as a function of temperature was studied in the range (303-403 K)
and illustrated in Fig. 4 as a relation between In o 4. versus T-! for
the two compositions.
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Table 2

Values of the activation energy of crystallization E. that obtained by different methods for the two compositions under investigation.

Composition Kissinger's method

Ozawa’s method

Method of Augis and Bennett

Ec (k]/mole) E. (k]/mole) E. (k]/mole) Ko (s71)
GeSesTlos 178.19 168.93 108.2 8.155 x 10°
GeSe,Tlo3 118.833 109.44 77.3 6.144 x 106

The plot suggests that there is one type of conduction mech-
anism contribute to the conductivity in the considered range of
temperature. This indicates that o(T) exhibits activated tempera-
ture dependence in accordance with the relation,

—AE(,>

KT (4)

a=00exp<

0 is the pre-exponential factor which depends on the charge car-
rier mobility and density of states, K Boltzmann’s constant, T the
absolute temperature and AE; is called the conduction activation
energy.

Table 3 lists the values of AE,, g and ogr (the conductivity
at room temperature ~303 K) that estimated from Fig. 4 and Eq.
(4) for both compositions. It is clear from this table and Fig. 4 that
the increase in Se content leads to an increase in o, ogr and o, at
any and a decrease in AE,. This is attributed to that the increase
of Se in GeSe3Tlp3 temperature increases Se-Se bond density at
the expense of Ge-Se bond density. This increases the low bond
density, since Se-Se bond energy is lower than that of Ge-Se.
Consequently, the activation energy decreases and the electrical
conductivity increases. The obtained values of AE, are in good
agreement with earlier results for GeSeTl system [1,3,13].

To show the effect of thickness on the dc electrical proper-
ties, electrical conductivity o4 as a function of temperature for
GeSe3Tly 3 and GeSe4Tlg 5 films with different thickness in the range
(57.4-333 nm) and (102-680 nm) respectively is depicted in Fig. 5a
and b.

The obtained linear relations indicates that both compositions
exhibits one type of conduction mechanism in the considered
ranges of temperature and thickness explained as before. Values
of AE,, ¢ and ogr are calculated and given in Table 3.

Itis clear from Fig. 5 and Table 3, that AE,, 09, orr and o decrease
with the increase of film thickness at any temperature for both
investigated compositions. The decrease of electrical conductivity
with increasing the film thickness is explained according to Mott
and Davis [26] model involving the presence of localized states
originating from the lack of long range order and extending into
the mobility gap, such that each of them activates the motion of
carriers within a given range of temperature.
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Fig. 4. The electrical conductivity of GeSe3Tlp3 (333 nm) and GeSe4Tlp3 (330 nm)
thin films as a function of temperature.
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Fig.5. The electrical conductivity as a function of temperature for (a) GeSe;Tlp 3 and
(b) GeSe4Tlp 3 films with different thicknesses.

3.3. Switching properties

3.3.1. Static and dynamic I-V characteristics

Static and dynamic I-V characteristics curves were obtained
for GeSe3Tlp 3 and GeSe4Tly 3 thin films deposited on pyrographite
substrates. The dynamic I-V characteristic curve displayed on the
screen of a cathode ray oscilloscope using an ac source, and the
static curves were measured with a dc source.

Both dynamic and static I-V characteristic curves have three
states, OFF state with high resistance, negative resistance state
beyond the threshold voltage and the ON state with low resistance.
This is a typical characteristic of a memory switching effect.

The room temperature static [-V characteristic curves obtained
for two samples of nearly the same thickness (333 and 330nm)
for the two investigated compositions are illustrated in Fig. 6 as
representative examples. It is observed that, increasing the applied
voltage from zero to the point a, a small current passes through the
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Fig.6. StaticI-Vcharacteristic curve of GeSe3Tlp3 (333 nm)and GeSeTlp3 (330 nm).
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Effect of the composition and thickness on the values of AE,, o¢ and ogr (30°C).
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Composition Thickness (nm) AE, (eV) oo ((m)~! ogr (30°C) ((m)~!
GeSesTlo3 574 0.695 1.78 x 104 229x10°12

155 0.653 7.61x107> 1.03 x 10-12

181.3 0.629 4,65 % 107> 6.25x 10713

333 0.613 3.79x 107> 4.61x1013
GeSe,Tlos 102 0.673 4.46 x 1072 1.08 x 10-10

330 0.562 3.21x10°2 3.37x10° 11

463 0.531 2.73x 1072 2.53x10° 11

680 0.499 1.92 x 102 1.69 x 1011

sample forming the first branch (oa) of the curve which represents
the OFF state. At point (a) where the applied voltage equals a critical
value (threshold voltage) V,;, a sudden increase in the current and
drop in the voltage to the point (b) takes place in a very short time
of the order 10~ s took place. Therefore, it is impossible to record
any reading during this time [branch (ab)]. A further increase in
the applied voltage increases the current without any significant
increase in the potential drop [part (bc)] of the curve representing
the ON state. On decreasing the applied voltage in this state, the
current decreases until finally both become zero [part (co) of the
curve].

3.3.2. Thickness and temperature dependence of the threshold
voltage Vi,

The room temperature static [-V characteristic curves for
GeSe3Tlg 3 and GeSe4Tly 3 thin films with different thickness in the
range (155-333 nm) and (330-680 nm) for the two compositions
are illustrated in Fig. 7a and b respectively. The variation of the
mean value of the threshold voltage V;, with the film thickness
was studied and displayed in the insets of Fig. 7a and b.

Itis clear that the obtained thickness dependence is linear in the
range of study. The slope of the obtained line represents the mean
value of the threshold field E;, (19.9 x 107 V/m for GeSe3Tly3 and
11.8 x 107 V/m for GeSe4Tlg3).
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Fig.7. StaticI-V characteristic curves of (a) GeSe3Tlo 3 and (b) GeSe4Tlg 3 thin films of
different thicknesses. The insets show thickness dependence of the mean threshold
voltage for the above films.

I-V characteristics obtained at different temperatures in the
range (303-403K) for GeSes3Tlps (t=333nm) and GeSe4Tly3
(t=330nm) thin film samples are represented in Fig. 8a and b
respectively. The temperature dependence of the mean value of the
threshold voltage V;; are illustrated in Fig. 9a and b for the two com-
positions respectively. It is clear from these figures that V;;, seems
to decreases exponentially with temperature. This relation plotted
as InVy;, versus 1000/T as shown in the insets of Fig. 9a and b. The
obtained relation yielded a straight line satisfying the relation [27]

Vip = Vo exp (%) (5)

Vo is constant and ¢ is threshold voltage activation energy. As shown
from the insets of Fig. 9a and b, the obtained lines are nearly par-
allel indicating that the threshold voltage activation energy (¢) is
single valued independent on sample thickness in the investigated
range. The mean values of ¢ obtained from the slopes of the straight
lines are 0.32+0.002eV for GeSes3Tlp3 and 0.245+0.002 eV for
GeSE4T10_4.

The observed temperature dependence of the threshold volt-
age for the preswitching region can be explained in terms of an
electrothermal model [27,28], since the temperature of the semi-
conductor is raised due to Joule-heating and the conduction process
in an amorphous material is of an activated type [29], so, the con-
ductivity of the sample will increases when heated. This will allow
more current to flow through the heated region and allow more
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Fig. 8. I-V characteristic curves for (a) GeSe3Tlp3 and (b) GeSe4Tlp3 thin films at
different temperatures.
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Table 4
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Values of ATpreakdown and AT for the investigated compositions at different temperatures as obtained from Eqgs. (9) and (11).

Composition t, nm T,K Vin, V I, (A ATpreakdown» K
From Eq. (9) From Eq. (11)
GeSesTLos 333 303 133 34 14.19 57.18
323 85.6 5.3 16.14 57.36
343 54.6 8.4 18.2 57.99
353 46.5 9.9 19.2 58.21
373 33.1 14 215 58.59
GeSesTLos 330 303 51.4 2.8 17.6 18.37
323 33.8 4.4 20 18.98
343 253 5.9 225 19.05
353 20.1 7.9 239 20.27
373 14.3 11.3 26.67 20.63
a 140 Joule-heating, resulting in a further increase in the current density,
54 . . . e
- . ultimately. The temperature rise will become adequate to initiate a
" e thermal breakdown owing to the strong temperature dependence
120 1 10 e of the conductivity. A stationary state is reached when the heat
" Eu| ¥ lost by conduction from the current filament becomes equal to the
% 100 o w| ¥ ey Joule-heat generated in that region.
> f e " o The electrothermal model can be solved to a certain extent by
= ) ©1000m, K" finding a stationary state solution for the heat transport equation
I> 8o N dr
’ il c<f) — 0E2 4 V(YVT) (6)
o\ de
60 $ N . .
1 \( and the charge conservation equation:
R ; :
+155.6nm 3
I 1\ (dp
40 u151.3nm! ““ ~— - (E) (E) =VE (7)
4333nm I . . . .. .
~ '\D C is the heat capacity, v is the thermal conductivity, E the electric
20 field intensity (E = Vi, /t), o the electrical conductivity of the sample
300 320 340 360 380 which is given by Eq. (4) and p the charge density.
T K In the case of steady state breakdown, the time derivative of
' temperature (dT/dt) can be neglected for the solution of Eq. (6).
Therefore, Eq. (6) can be expressed with the aid of Eq. (8) for a small
b 100 temperature difference between the temperature at the middle of
the specimen T, and that of the surface Ts, (AT =Ty, — Ts) as follows
[27]
80 | 8y (£> +0E2 =0 (8)
= d
>° d is the sample thickness.
. 60 The steady state breakdown occurs when the amount of heat
|>5 generated by Joule-heating cannot be removed by thermal conduc-
tion and the temperature difference necessary for breakdown can
40 be obtained from Egs. (6) and (8) in the form [27,30]
T2
AT, =—— 9
) o ' 'ﬂ*~ breakdown AEU/K ( )
20+ 330nm [ B ’\hﬁ The temperature inside the active region of the specimen as a func-
a 463nm tion of the power Q=1V generated in it is given by the relation
2 680nm | [31]
g = T=T _Q (10)
300 320 340 360 380 =0t Sy
T K AT=T- Ty, Ty is the ambient temperature. That is
)
_ Ith Vi
Fig. 9. Temperature dependence of the mean value of the threshold voltage V;, for (11 )

(a) GeSe3Tlo thin films of thicknesses (155, 181.3, 333 nm) and (b) GeSe4Tly3 thin
films of thicknesses (330, 463, 680 nm). The insets show the plots of InVy, versus
1000/T for the above films.

A Tbreakdown = Zﬂlﬁd

Table 4 gives the values of ATpeakdown that calculated from Egs.
(9) and (11) at different temperatures considering ¥ =3.78 W/mK
[1,32] for the two investigated compositions with nearly the same
thickness. From this table, it is appeared that values of ATy eakdown
obtained from Eq. (9) are in the same order of magnitude as that
obtained from Eq. (11). This supports the electrothermal model
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for the switching process, and is in good agreement with previous
results [1,32,33] for amorphous semiconducting thin films. More-
over, the agreement between the obtained values of ¢/ AE, and that
obtained theoretically on the basis of the electrothermal model
(0.5) [15] confirms also that the switching process for the two
investigated compositions can be explained by the electrothermal
model.

4. Conclusions

The activation energy of crystallization E. calculated by different
methods was found to decreases with increasing Se content.

Room temperature electrical conductivity ogr and the pre-
exponential factor og increase, while the activation energy AE,
decreases with the increase in Se content in the investigated com-
positions.

The values of AE;, ogr and og were found to decreases with
increasing the film thickness for the two investigated compositions.

Dynamic and static I-V characteristic curves of thin films under
investigation show typical memory switch. The measured switch-
ing characteristics ensure a likely activation character of the
switching process. The mean value of the threshold voltage Vi,
increases linearly with increasing film thickness while it decreases
exponentially with increasing temperature in the investigated
ranges. Moreover, the observed phenomenon can be explained by
electrothermal model of breakdown.
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